Background: Carotenoids, a class of phytochemicals, may affect the risk of several chronic conditions. Objective: Our objective was to describe the distributions and correlates of serum carotenoid concentrations in US children and adolescents. Design: Using data from the third National Health and Nutrition Examination Survey (1988)(1989)(1990)(1991)(1992)(1993)(1994), a cross-sectional study, we examined the distributions of serum concentrations of ␣-carotene, ␤-carotene, ␤-cryptoxanthin, lutein and zeaxanthin, and lycopene among 4231 persons aged 6-16 y. Results: After adjustment for age, sex, race or ethnicity, povertyincome ratio, body mass index status, HDL-and non-HDL-cholesterol concentrations, C-reactive protein concentration, and cotinine concentration, only HDL-cholesterol (P < 0.001) and non-HDLcholesterol (P < 0.001) concentrations were directly related to all carotenoid concentrations. Age (P < 0.001) and body mass index status (P < 0.001) were inversely related to all carotenoid concentrations except those of lycopene. Young males had slightly higher carotenoid concentrations than did young females, but the differences were significant only for lycopene concentrations (P = 0.029). African American children and adolescents had significantly higher ␤-cryptoxanthin (P < 0.001), lutein and zeaxanthin (P < 0.001), and lycopene (P = 0.006) concentrations but lower ␣-carotene (P < 0.001) concentrations than did white children and adolescents. MexicanAmerican children and adolescents had higher ␣-carotene (P < 0.001), ␤-cryptoxanthin (P < 0.001), and lutein and zeaxanthin (P < 0.001) concentrations but lower lycopene (P = 0.001) concentrations than did white children and adolescents. C-reactive protein concentrations were inversely related to ␤-carotene (P < 0.001), lutein and zeaxanthin (P < 0.001), and lycopene (P = 0.023) concentrations. Cotinine concentrations were inversely related to ␣-carotene (P = 0.002), ␤-carotene (P < 0.001), and ␤-cryptoxanthin (P < 0.001) concentrations. Conclusion: These data show significant variations in serum carotenoid concentrations among US children and adolescents and may be valuable as reference ranges for this population.
INTRODUCTION
The benefits of consuming an adequate amount of fruit and vegetables are well known, although which of their numerous phytochemicals account for their health benefits remains unresolved. Fruit and vegetable intake is inversely related to cardiovascular Participants, who were interviewed at home, were asked to come to the mobile examination center for additional tests and to complete additional questionnaires. For most participants a blood sample was drawn during the examination, but for those who could not attend, a blood sample was requested during the original home interview. To provide more stable estimates, children aged 2 mo to 5 y, African Americans, and Mexican Americans were oversampled. More detailed information about the survey is available elsewhere (23, 24) . Participants attended a morning, afternoon, or evening examination session. Those who attended morning sessions were asked to fast for 12 h, and those who attended afternoon or evening sessions were asked to fast for 6 h. Five carotenoids were assayed at the NHANES laboratory at the Centers for Disease Control and Prevention: ␣-carotene, ␤-carotene, ␤-cryptoxanthin, lutein and zeaxanthin, and lycopene. Detailed procedures for these assays were published elsewhere (25) . Reversed-phase HPLC with multiwavelength detection was used to quantify the concentrations of these carotenoids (26) . Because a longer run time is needed to measure concentrations of lutein and zeaxanthin separately, the decision was made to measure them together for practical reasons. Total carotenoid concentrations were calculated by summing the concentrations of the individual carotenoid concentrations.
We included the following covariates: age, sex, race or ethnicity, poverty-income ratio, body mass index, serum HDL-and non-HDL-cholesterol concentrations, C-reactive protein concentration, supplement use, cotinine concentration, physical activity, and fruit and vegetable intake. As discussed below, associations between these variables and carotenoid concentrations have been examined in adults. Four racial or ethnic groups were created: white, African American, Mexican American, and other. Because the last group was small, we excluded it from some analyses. The poverty-income ratio represents reported family income divided by the poverty threshold produced annually by the Census Bureau and adjusted for changes caused by inflation. Body mass index (in kg/m 2 ) was calculated from measured heights and weights. Using the body mass index growth charts recently released by the Centers for Disease Control and Prevention, body mass index was divided into the following categories by age-and sex-specific percentiles: < 15th, 15th to < 85th, 85th to < 95th, and ≥ 95th (27) . Serum concentrations of total and HDL cholesterol (after precipitation with a heparin-manganese chloride solution) were measured enzymatically with a Hitachi 704 analyzer (Boehringer Mannheim Diagnostics, Indianapolis). We calculated the non-HDL-cholesterol concentration by subtracting the concentration of HDL cholesterol from that of total cholesterol. C-reactive protein concentrations were measured by using latex-enhanced nephelometry. The lower detection limit was 3.0 mg/L. Participants with a concentration below the lower detection limit were assigned a value of 2.1 mg/L (3.0 mg/L divided by the square root of 2). C-reactive protein concentrations were divided into 2 categories: ≤ 2.1 and > 2.1 mg/L. Serum cotinine concentrations were determined by using HPLC with atmospheric pressure chemical ionization tandem mass spectrometry. The number of times per month that children and adolescents aged 12-16 y consumed fruit and vegetables was estimated from 18 questions on a foodfrequency questionnaire. A total of 4231 males and nonpregnant females aged 6-16 y with complete data on serum carotenoid concentrations, body mass index, and poverty-income ratio were used to examine the distributions of these compounds. Additional exclusions for missing values for independent variables reduced the number of participants for multiple linear regression models to 3828. Differences in carotenoid concentrations for continuous variables that were categorized into more than 2 levels were assessed with a test for linear trend. Differences in concentrations for categorical variables with 2 or more levels were tested with a t test or analysis of variance, respectively. To examine the independent relations between carotenoid concentrations and the study variables, we log transformed the carotenoid concentrations before running multiple linear regression analyses. Analyses were performed with the statistical software SUDAAN to account for the complex sampling design of the survey and produce valid variance estimates (28) .
RESULTS
The young males had slightly higher mean and median concentrations of all carotenoid concentrations than did the young females, but the differences were not significant ( Tables 1-5) . Age was inversely related to the concentrations of all carotenoids (P ≤ 0.001) except lycopene (P = 0.584). African American children and adolescents had the highest mean and median total serum carotenoid concentrations, and white children and adolescents had the lowest (P < 0.001). Of the 3 major race or ethnic groups, African American children and adolescents had the highest mean and median concentrations of lutein and zeaxanthin and lycopene, Mexican American children and adolescents had the highest concentrations of ␣-carotene (but not significantly higher than those of white children and adolescents) and ␤-cryptoxanthin, and white children and adolescents had the highest concentrations of ␤-carotene although race or ethnicity was not significantly associated with ␤-carotene concentrations. The poverty-income ratio was positively associated with ␣-carotene (P = 0.005) and ␤-carotene (P = 0.022) concentrations and inversely associated with lutein and zeaxanthin (P = 0.018) concentrations. Body mass index percentiles were inversely associated with the concentrations of all carotenoids (P ≤ 0.001) except lycopene.
We also examined the distributions of carotenoid concentrations among 2554 children and adolescents after excluding from the full sample of 4231 those who reported having had a cold, flu, diarrhea, vomiting, pneumonia, or ear infection in the past 4 wk; those who were thought by the examining clinician to have a possible active infection; those with a C-reactive protein concentration > 10 mg/L; and those with liver enzymes > 2 times the upper normal limit. With few exceptions, the differences between the median concentrations of this sample and those of the full sample were < 5% (data not shown).
In multiple linear regression analyses of log-transformed carotenoid concentrations among children and adolescents aged 6-16 y that included age, sex, race or ethnicity, poverty-income ratio, body mass index status, HDL-and non-HDL-cholesterol concentrations, and C-reactive protein concentration, only HDLand non-HDL-cholesterol concentrations were directly related to all carotenoid concentrations ( Table 6 ). Age and body mass index status were inversely related to the concentrations of all carotenoids except lycopene. African American children and adolescents had significantly lower ␣-carotene and significantly higher ␤-cryptoxanthin, lutein and zeaxanthin, and lycopene concentrations than did white children and adolescents. Mexican American children and adolescents had significantly higher ␣-carotene, ␤-cryptoxanthin, and lutein and zeaxanthin concentrations but significantly lower lycopene concentrations than did white children. The poverty-income ratio was directly associated with ␣-carotene concentrations. C-reactive protein concentrations were inversely related to ␤-carotene, lutein and zeaxanthin, and lycopene concentrations. Cotinine concentrations were inversely related to ␣-carotene, ␤-carotene, and ␤-cryptoxanthin concentrations.
To further explore the associations between cotinine concentrations and carotenoid concentrations, we restricted analyses to children with a cotinine concentration < 15 ng/mL, which is the concentration considered to separate people who smoke from those who are exposed to environmental tobacco smoke only (n = 3699). In multiple linear regression models with cotinine entered as a continuous variable, significant inverse associations were noted for ␤-carotene and ␤-cryptoxanthin concentrations (␣-carotene: ␤ = Ϫ0.01734, P = 0.099; ␤-carotene: ␤ = Ϫ0.02352, P < 0.001; ␤-cryptoxanthin: ␤ = Ϫ0.02480, P = 0.002; lutein and zeaxanthin: ␤ = 0.00699, P = 0.335; and lycopene: ␤ = Ϫ0.0651, P = 0.348). Similar results were found when quartiles of cotinine concentration were entered in these models.
Information about fruit and vegetable intake was requested only from the children and adolescents aged 12-16 y. Using multiple linear regression models that included the same set of covariates listed in Table 6 , as well as physical activity and fruit and vegetable intake (n = 1415), we found significant positive associations between fruit and vegetable intake and the concentrations of all carotenoids except lycopene (␣-carotene: ␤ = 0.00532, P = 0.007; ␤-carotene: ␤ = 0.00469, P < 0.001; ␤-cryptoxanthin: ␤ = 0.00496, P < 0.001; lutein and zeaxanthin: ␤ = 0.00304, P < 0.001; and lycopene: ␤ = Ϫ0.0032, P = 0.667). Because tomatoes are a rich source of lycopene, we examined the association between the frequency of tomato consumption during the previous 30 d and lycopene concentrations (n = 1427) and found no significant relations in univariate and multivariate linear regression models. 
DISCUSSION
Carotenoids endow the plant world with much of its vibrancy. Fortunately, these compounds also have biological actions that may be important in maintaining health and staving off disease. Because little is known about the descriptive epidemiology of serum carotenoid concentrations in children and adolescents, we examined the serum concentrations of 5 carotenoids in a representative sample of US children and adolescents aged 6-16 y. The NHANES III data show that serum carotenoid concentrations are not uniformly distributed among children and adolescents. The highest total carotenoid concentrations occurred among African American children and adolescents, and overweight children and adolescents had the lowest concentrations. In general, the patterns among children and adolescents reported here corresponded reasonably well to those of the adults in this data set (22) .
Because the carotenoid concentration distributions described in this article are the only national data to date, they could serve as reference ranges for US children and adolescents. Unfortunately, good dietary data for the younger participants were unavailable, which prevented us from examining distributions among children meeting current recommendations for fruit and vegetable intake. Examining the distributions of carotenoid concentrations among children eating sufficient quantities of fruit and vegetables would provide more optimal reference ranges.
Fruit and vegetables are the main sources of carotenoids, and it is not surprising that carotenoid concentrations were lowest in groups that are known to eat the least amount of fruit and vegetables.
In the 1989-1991 Continuing Surveys of Food Intakes by Individuals, age was inversely associated with fruit intake and directly associated with vegetable intake, sex and race or ethnicity were unrelated to fruit and vegetable intake, and socioeconomic status was directly associated with fruit intake but not vegetable intake among children and adolescents aged 2-18 y (29, 30) . In the Nationwide Food Consumption Surveys of 1977-1978 and 1987-1988 , fiber intake from fruit and vegetables was higher among young males than among young females, and age was directly related to vegetable intake but not fruit intake among children and adolescents aged 2-18 y (31). In a large study of children and adolescents aged 8-17 y, the sex and race or ethnicity patterns of fruit and vegetable intake varied geographically (32) .
Strauss (33) reported that concentrations of ␣-carotene and ␤-carotene were lower among obese children and adolescents than among nonobese children and adolescents in NHANES III. Our results extend these observations to ␤-cryptoxanthin and lutein and zeaxanthin. Lycopene concentrations were not associated with body mass index, however. Although the fruit and vegetable intake of most children is less than the recommended intake, Strauss reported that obese and nonobese children and adolescents aged 12-18 y reported similar fruit and vegetable intake in NHANES III.
Studies of adults have shown relations between carotenoid concentrations, particularly ␤-carotene concentrations, and age, sex, socioeconomic status (education and income), marital status, smoking status, cholesterol concentrations, HDL-cholesterol concentrations, C-reactive protein concentrations, glucose tolerance status, insulin resistance, alcohol use, body mass index, fat-free mass, physical activity, fruit and vegetable intake, and use of dietary supplements (15, 19, 22, . Little is known about such relations in children and adolescents, however. In a study of French children and adolescents aged 10-15 y (263 males and 246 females), plasma cholesterol concentrations were positively related and triacylglycerol concentrations and body fat were inversely related to plasma ␤-carotene concentrations (70) . ␣-Carotene, ␤-carotene, ␤-cryptoxanthin, lutein, and lycopene concentrations were examined in 2 small studies of 10 and 50 children, respectively (71, 72) . Among 97 children aged 6-10 y in Georgia, the sum of the ␣-carotene, ␤-carotene, and ␤-cryptoxanthin concentrations was higher among the girls than among the boys, was higher among the African American children than among the white children, and increased with age (73) . Among 467 Australian children, the mean ␤-carotene concentration was 0.30 mol/L, and ␤-carotene concentrations were similar in the boys and the girls (74) . In a study of 70 children, African American children had higher median concentrations of ␤-carotene and lycopene than did white children, but only the difference in lycopene concentrations was significant (75) . In an intervention study of 41 Chinese children, increased vegetable consumption favorably affected serum concentrations of several carotenoids (76) . Very recently, a study of 285 children and adolescents in 3 US cities found significant associations between carotenoid concentrations and race or ethnicity, obesity, and dietary intakes that were consistent with our findings (77) . The NHANES III data showed that carotenoid concentrations were related to age, race or ethnicity, poverty-income ratio, body mass index, serum lipid concentrations, C-reactive protein concentrations, cotinine concentrations, and fruit and vegetable intake in children and adolescents. Several studies in adults have shown inverse associations between circulating concentrations of carotenoids and markers of inflammation such as C-reactive protein concentrations (68, (78) (79) (80) (81) (82) (83) (84) . We believe that our results are the first to show this inverse association in a representative sample of US children and adolescents. In addition, concentrations of serum retinol and C-reactive protein are also inversely related (85) . Although the directionality of associations in cross-sectional studies is difficult to discern, the more likely explanation for our findings is that underlying sources of inflammation, represented by elevated C-reactive protein concentrations, result in decreased concentrations of various circulating antioxidants including carotenoids.
The importance for children and adolescents of having adequate body stores of carotenoids has not been shown. In adults, however, inadequate intakes or concentrations of carotenoids have been linked to increased all-cause mortality and risk of various chronic conditions. Because many of these conditions have their roots in childhood, it seems reasonable to assume that adequate carotenoid concentrations in youth, achieved mainly by sufficient consumption of fruit and vegetables, may promote better health
TABLE 6
Multiple linear regression analyses of log-transformed serum carotenoid concentrations among 3828 children and adolescents aged 6-16 y who participated in the third National Health and Nutrition Examination Survey, 1988-1994
Lutein and zeaxanthin
Age (y) 
